A dual-beam focused ion beam scanning electron microscope was used to collect a series of parallel electron backscatter diffraction maps of polycrystalline yttria. Using characteristics of the triple junctions, the individual layers were aligned and the geometries of the grain-boundary planes between the layers were determined. This information was used to calculate the five-parameter grain-boundary character distribution (GBCD) and grain-boundary energy distribution (GBED). The GBCD derived from the three-dimensional data was qualitatively the same as that derived from a stereological analysis of the same data. The anisotropy in the GBCD of yttria is relatively weak compared with other ceramics and is inversely correlated to the GBED.
I. Introduction
G RAIN boundaries play an important role in the processing and properties of virtually all polycrystalline materials. For example, grain growth, 1 deformation, 2,3 fracture, 4 oxidation, 5 corrosion, 6 creep, 7 and sintering 8 are all influenced by grain boundaries. The structures, properties, and energies of individual grain boundaries vary significantly as a function of lattice misorientation and grain-boundary plane orientation. 9 Therefore, there is interest in characterizing the relative populations and properties of grain boundaries as a function of these crystallographic parameters. The five-parameter grain-boundary character distribution (GBCD) specifies the relative areas of grain boundaries, classified according to the three lattice misorientation parameters and the two grain-boundary plane orientation parameters. 10 In parallel with the GBCD, one can define the grain-boundary energy distribution (GBED) that specifies the relative energies of grain boundaries according to the same five crystallographic parameters. Results of experiment and simulation indicate that there is an inverse correlation between the GBCD and GBED such that lower-energy boundaries are more populous than higher-energy boundaries. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, because of the significant experimental challenges associated with determining the five-parameter GBED, there is only a single comprehensive measurement. 12 The main challenge is that the measurement requires a vast amount of data specifying the three-dimensional (3D) geometry of triple junctions. The purpose of the current paper is to show that this challenge can be overcome by using automated serial sectioning in the dual-beam focused ion beam (FIB).
Saylor et al. 12 reported the first comprehensive experimental study of the GBED. This was accomplished by collecting electron backscatter diffraction (EBSD) data from calibrated serial sections of magnesia produced by manual polishing. Grainboundary traces from parallel layers were measured from thermal grooves observed in the scanning electron microscope. Corresponding grains in adjacent layers were identified and connected so that the interface and triple junction geometries could be determined. Assuming local equilibrium at the triple junctions, the Herring 22 condition is satisfied and an equilibrium equation was written for each observed triple junction. The method of Moraweic 23 was then used to find a set of grainboundary energies that most closely satisfies all of the observed equations. Because the manual polishing and data acquisition are both laborious and difficult, similar measurements have not been repeated often. This method was used with a smaller amount of data to characterize a subset of GBED of a leadtin alloy. 20 The limited use of this technique likely stems from the difficulty of acquiring accurate, 3D geometric data.
The development of the dual-beam FIB scanning electron microscope (SEM) provides an opportunity to collect calibrated serial sections of images or EBSD maps on a more routine basis through an automated process. The ability of this technique to show the 3D geometry of a microstructure has already been demonstrated in a number of metals and ceramics, but neither the GBCD or GBED have been determined from such data. [24] [25] [26] Applying this technique to metallic systems appears to be straight forward. However, ceramic systems present several obstacles to collecting serial sections of EBSD data by FIB. Electrically insulating ceramics are prone to charging, especially during the relatively long acquisition times required for collecting EBSD maps. The high bond-strength of many ceramic materials causes ion-milling rates to be slow. It is also necessary to optimize the milling parameters such that beam damage does not significantly affect the EBSD patterns. This paper describes a method to combine the geometric information from serial sectioning with the crystallographic EBSD data and calculate both the GBCD and GBED. The technique is applied to polycrystalline yttria, an important laser host material. 27 Yttria has the bixbyite structure and little is known about the grain-boundary energetics of materials with this crystal structure.
II. Experimental Procedure
Undoped yttria (MetaMateria Partners, Columbus, OH) was cold isostatically pressed and then sintered at 15001C for 4 h in air. Two sets of samples were prepared; one for stereological analysis 28 and another for 3D FIB-SEM. A bulk sample for stereological analysis was polished to a 1 mm diamond finish and then coated with a thin film of carbon to prevent charging in the SEM. The second set was polished such that they had two perpendicular polished faces; one to be milled and scanned and the other to provide a square edge for consistent ion milling. The samples were sputter coated with B2 nm of platinum and ''glued'' onto a 451 pretilted stub using conductive carbon paint. On a 451 pretilted stub, the sample may be tilted 71 toward the ion beam in the FIB (Nova 600, FEI Co., Hillsboro, OR), or rotated 1801 and tilted 251 toward the EBSD detector for data collection (EDAX, Mahwah, NJ). It is essential that a continuous coating of electrically conductive material surrounds the area of analysis in order to prevent charging. The high-tilt angle of the sample also helps to reduce charging by increasing the back-scatter yield.
Circular fiducial markers were milled into the samples and, during the automated data collection, were used to align the area of interest during subsequent milling and EBSD mapping steps. It is important that the sample be well-aligned so that the amount of material milled away in each step is consistent and controlled. Alignment is also important to ensure that the EBSD maps are being collected from the same region in subsequent steps. Automation of the procedure was performed using control scripts in the FEI runscript language.
The sample was ion-milled at 30 kV and 7 nA using a Ga 1 ion beam. EBSD data were acquired using a 30 kV beam at a current of 9.5 nA. The slice thickness between subsequent serial sections was 280 nm, and the in-plane resolution of the EBSD scans was 70 nm. The scan area for each of these samples was approximately 30 mm Â 40 mm. The area-weighted average grain size of each sample was 2.5 mm. The number of distinct grains observed was approximately 3600. The EBSD patterns were binned to 4 Â 4 and collected at approximately 150 points per second. The EBSD data were cleaned using two iterations of grain dilation (TexSEM, EDAX) with a minimum grain size of 10 pixels. This procedure considers any grouping of o10 pixels, with disorientations of 451, to be insufficient to define a single grain and assigns their orientation to match the orientation of an adjacent grain. A single average orientation was assigned to each grain, with an individual grain being defined as a set of pixels whose disorientations lie within 51 of one another. The cleaned data were aligned using a commercially available 3D OIM visualization software (EDAX). This software uses a cross correlation between the three different color channels in the orientation image map to produce the best alignment on a fixed grid; we refer to this as primary alignment. Grain-boundary line segments were extracted from each slice using commercially available software (EDAX). The maximum deviation between the actual boundary position and the line segment is two pixels. The line segments from each layer were then processed by software written in house. The first step was to identify the triple points. Any three line segments on a common layer that share a single endpoint were designated as belonging to a triple junction. Each triple junction was then compared with the five closest triple junctions on a parallel layer. If the disorientations between the three grains in the first junction and three grains around one of the five closest junctions were o51, then it was assumed that the triple points on the two layers are connected by a triple line. This is illustrated in Fig. 1 . Each of the three line segments define vectors tangent to grain-boundary planes (t i ) and the triple line defines a vector within each of the three grain-boundary planes (l). Therefore, direction of the cross product of t i and l gives the orientations of the grain-boundary planes (n i ) and one half of the magnitude of the cross product gives the areas of the triangles defined by t i and l. A second set of normal vectors and triangles was similarly defined from the three tangents on the second plane. Only grain-boundary segments adjacent to triple junctions were analyzed. The vast majority of grain boundaries were composed of one or two reconstructed grain-boundary segments. Less than 2% of the grain-boundary segments were excluded from the analysis because they lie between two other reconstructed grain-boundary segments.
One important source of uncertainty that derives from the discrete nature of the data is related to the relative in-plane (horizontal) and between planes (vertical) resolution. The actual location of a triple junction or grain boundary must lie within one of the pixels defining the boundary. Therefore, the boundary defined in the EBSD map approximates the actual location of the boundary. It is possible to calculate a maximum error associated with determining the location of the boundary plane by assuming that the actual location of the boundary may vary by up to one pixel. For example, on a fixed grid with points equally spaced in the horizontal and vertical directions, the triple line must take discrete orientations. The maximum angular separation between these orientations occurs for the direction aligned parallel to the sample normal and the one inclined 451 to the sample normal, connecting the nearest point on the next layer. For this case, the maximum error is 451. In this work, we used a horizontal grid spacing that was one quarter the vertical grid spacing, reducing the maximum error to 141. This error is slightly larger than the binning used (101), however, because this is a maximum error it is expected that majority of the data will lie in the appropriate bin. These errors result in boundaries that have a ''zig-zag'' structure through the microstructure. Because the majority of these ''zig-zag'' structures fall within binning resolution, the errors associated with their specific geometric variations are small.
A second important source of uncertainty is related to the horizontal alignment of the layers. Because the sample was tilted and rotated during each subsequent data collection step it is difficult to perfectly realign the sample before EBSD acquisition. The EBSD data were collected on a fixed grid, but misalignments at resolutions lower than the pixel size may still introduce significant errors. Subpixel alignments may essentially minimize the errors discussed at the end of the previous paragraph. An analysis of the distribution of triple line directions indicated the need for such a refined subpixel alignment. Considering the equiaxed nature of the microstructure, it was assumed that the triple line directions should be randomly distributed around the sample's normal direction. The scatter plot in Fig. 2(a) shows the distribution of the in-plane components of the triple line vectors for two representative layers. The mean of this distribution is in the upper right-hand quadrant of the distribution. To move the mean to the position of the normal, a rigid shift was applied to the in-plane coordinates. This was repeated for each pair of layers and we refer to this as secondary alignment. The shifts applied to each layer are shown in Fig. 2(b) . The shifts were all smaller than the slice thickness and the majority of the data are horizontally shifted by otwo pixels. Note that the required shifts in the x-direction (fast scan direction) tend to be smaller than in the y-direction. After secondary alignment, the endpoints of the vectors defining the grain-boundary tangents and triple lines were no longer confined to a fixed 3D grid.
3D orientation maps, needed for input into visualization software, were created in the following way. First, grains on individual layers were assigned identification numbers and the mean position of each grain was calculated. The data from each layer was then compared and, if two grain sections on different layers had a disorientation o31 and a mean position separated by less than two mean grain diameters, they were assigned the same grain identification number.
The GBCD was calculated from the extracted triangles using the methods described previously. 11 Briefly, the five-parameter space is discretized into equal volume bins spanning approximately 101 in each parameter. Each triangular area was placed in the bin corresponding to its misorientation and boundary orientation, and all of the symmetrically equivalent bins. There were 141 000 triangles and 99.4% of the bins in the discretized GBCD contained at least 10 triangles. The areas in each bin were then normalized by the average area per bin so that the distribution has units of multiples of a random distribution (MRD). For comparison, the GBCD was also calculated using stereological principles. In this case, the 141 000 line segments from the parallel slices were used as input and calculation was carried out exactly as described in Saylor et al. 28 This analysis was also performed using 110 000 line segments obtained from B36 000 grains in single planar section of the sample. The stereological analysis of a single planar section was performed, for comparison, to ensure that the 3D volume of data was representative of a larger population of grains within the sample. As a control, several different sets of 140 000 randomly generated triangles were produced to establish the amount of anisotropy observed when the same procedures are applied to a random distribution. In order to quantitatively compare the stereologically derived GBCD with the one obtained from serial sectioning, the serial-sectioned data were binned into 0.2 MRD wide bins. The corresponding points in the 5D space of the stereological data were averaged together for comparison.
The GBED was calculated using the method described by Moraweic (see reference for details of analysis and associated errors). 23 The data set contained 47 000 triple junctions and the calculation used a relaxation factor of 0.05. After 400 iterations, adjustments to the capillarity vector field were o1% of the initial adjustment and it was assumed that the calculation converged. It was confirmed that the value of the relaxation factor did not affect the results as long as the process was convergent. The final result was smoothed by averaging the capillarity vectors in neighboring bins, as described previously. 12 Figure 3 shows 3D reconstructed data for yttria. For the purposes of visualization, only the primary alignment procedure in the commercial software was used. This provides a reasonable reconstruction and is an acceptable starting point for the reconstruction of the grain-boundary planes.
III. Results
The efficacy of the secondary, subpixel alignment procedure is demonstrated in Fig 4. The distribution of grain-boundary planes in the bicrystal reference frame for misorientations of 301 and 601 rotations about [111] are shown in Figs. 4(a) and (b) when only the primary alignment procedure is used. This can be compared with the same sections in Figs. 4(c) and (d), calculated after the secondary alignment procedure. In each distribution, there is a peak at the twist position, where the grain boundary is bounded on both sides by a (111) plane. However, the amplitudes of the distributions produced by the secondary alignment procedure are greater (by 15%) than those produced by the primary alignment. This is because the maximum error in the triple line position after primary alignment (141) exceeds the average bin size (101) and a larger fraction of the boundary planes are incorrectly classified if the secondary alignment is not used. The maximum peak at any point in the distribution calculated from randomly generated triangles was 1.6 MRD. Any peaks larger than this may be interpreted as real features of the distribution.
For comparison, the same distributions calculated using the stereological analysis, on the same grain-boundary line segments from serial section data, are shown in Figs. 4(e) and (f). The stereological analysis was also performed on data from a single planar section and the results were similar to the analysis performed on serial sections. This indicates that our 3D volume is a representative sample of the general microstructure. The distributions, calculated from stereology and the reconstructed volume, are qualitatively identical, but the anisotropy calculated using the stereological methods is greater than that from the 3D analysis. The GBED for the same misorientations are shown in Figs. 4(g) and ( h). The energy shows an approximate inverse relationship to the distribution; the minimum energy occurs at 
IV. Discussion
The maximum in the GBCD occurs for the 601/[111] pure twist boundary and is 2.4 or 3.2 MRD, based on the 3D and stereological results, respectively. This is one of the weakest anisotropies that has been reported. 29 The quantitative differences between the 3D analysis and the stereology are not understood at this time. Modeling of the stereological analysis suggests that maxima are systematically underestimated. Because the 3D analysis produces peaks that are lower than the stereology result, it seems likely that some uncertainty is added in the calculation of the grain-boundary normals and that this places some observations in the bins neighboring their true position, making the peaks broader and less intense. Note that stereology and the 3D analysis shown use exactly the same in plane line segments as input. Therefore, the uncertainty introduced in the 3D analysis must derive from the correlations between the layers. Quantifying and reducing these uncertainties will be the subject of future investigations. While the peaks in the GBCD are relatively low as compared with some previously studied oxides, 29 they are significantly greater than those occurring in a random distribution. Therefore, the current results give a reasonable representation of the true GBCD and it is encouraging that the features of even a highly isotropic distribution can be clearly distinguished. While the 3D analysis underestimates the anisotropy in the GBCD, it may be preferred over the stereological analysis in cases where it is important to characterize the local behavior, when crystallographic texture affects the stereological analysis, or it is critical to collect both the GBCD and the corresponding GBED.
Misorientations about the [100] are highly isotropic having no peaks in the distribution that occur with frequencies greater than random. Therefore, a relationship between the GBCD and GBED at these boundaries is not expected. Larger than expected variations in the GBED within this isotropic range might occur as a result of under sampling of certain low-frequency One of the most interesting results of the previous work was the recognition that there is an inverse relationship between the grain-boundary energy and grain-boundary population. 11, 12 This relationship has also been confirmed by simulation. 15, 16 The results from this study show the same behavior; the most populous grain boundaries are also the lowest energy grain boundaries. On the other hand, careful inspection of Figs. 4, 6, and 7 shows that there is not a strict one-to-one relationship between energy and population. While a perfect inverse correlation is not necessarily expected, the calculation of the relative energies is affected by the same uncertainties that influence the GBCD. Despite this, the previously observed inverse relationship between population and energy is clearly reproduced in yttria.
Magnesia, which has the rocksalt structure, has been found to be relatively anisotropic with relatively low-energy (100) planes and relatively high-energy (111) planes. 12 Figures 7(a) and (b) indicate the opposite with respect to yttria, which has relatively high-energy (100) planes and relatively low-energy planes near (111). The common feature is that in both systems the high-energy planes terminate either entirely in anions or cations (see schematics in Fig. 8 ). Alternatively, their low-energy planes are terminated in a manner that accommodates both anions and cations. Charge neutrality must be maintained across a grain boundary and it is not favorable to form cation-cation or anion-anion bonds. For example, if a grain boundary is composed of a plane that terminates entirely by cations and another terminated by mixed ions, then there will be a large number of cation-cation neighbors that will be energetically unfavorable. This could be remedied by introducing vacancies; however, other charged defects would be needed to compensate the vacancies. These arguments suggest an explanation for the com- mon features of grain-boundary energetics between magnesia and yttria.
The major difference between magnesia and yttria is the magnitude of the anisotropy. It is suspected that magnesia may be more anisotropic due to its larger variations in planar atomic packing density, especially with respect to the presence of highdensity close-packed planes. The bixbyite structure is a bodycentered cubic type structure (Ia-3), which has no close-packed plane. While it is difficult to draw broad conclusions based upon the limited available data, it is interesting to note that the GBCD of other body-centered cubic structures characterized (BCC iron and yttrium aluminum garnet) are also relatively isotropic. [30] [31] The isotropic nature of the GBED and GBCD in yttria produce the equiaxed grain structure typically observed in this system. 27 This type of distribution is not likely to produce a bimodal grain size distribution, because any discontinuous changes in grain-boundary structure, energy, mobility, or composition are not likely to be confined to a small fraction of grain boundaries, but rather occur throughout the microstructure. This behavior makes yttria an ideal system for sintering to high density, because pore-boundary separation is unlikely to occur to any large extent. Grain-boundary segregation is also likely to be isotropic, because there are often correlations between energy anisotropy and segregation anisotropy. 13 This understanding is useful for designing doping strategies or approaches to microstructural control. For example, this behavior may be advantageous for producing polycrystalline laser hosts for high-power applications, where strong local variations in composition at grain boundaries might adversely affect optical properties. The isotropic nature of interfacial energetics in this system may also extend to surfaces, which would be beneficial to the stability of various crystallographic planes on single crystals or epitaxial films. Random surfaces in highly anisotropic systems often decompose into sets of lower energy orientations.
Automated collection of calibrated serial sections using the dual-beam FIB has opened up new possibilities for characterizing the grain-boundary network in detail. What was once a laborious data collection process has now been reduced to a routine procedure. Collection times for data have been reduced to a few hours or days rather than a few weeks or months. The inverse correlation between energy and population previously observed in magnesia has been conformed for yttria, although yttria is much less anisotropic both in the GBCD and GBED. Continued effort to improve the resolution and meshing of the interfaces is expected to improve the accuracy of the boundary plane and energy distributions.
V. Conclusions
Both the GBCD and the GBED can be derived from serial section EBSD maps obtained in the dual-beam FIB-SEM. This GBCD is qualitatively the same as derived from a stereological analysis of the identical data. Although the 3D analysis underestimates the anisotropy, it offers the ability to characterize sitespecific distributions and interfacial distributions in textured materials. The GBED is inversely correlated to the GBCD, which is consistent with earlier work in magnesia. Polycrystalline yttria displays weak anisotropy. This may arise from the absence of close packed planes in yttria. The results suggest that planes terminated entirely by a single type of ion tend to be high energy. The automated data collection and analysis procedures described here will permit the routine measurement of the GBCD and GBED for polycrystalline materials.
